Operation of a photoelectrolyser fitted with a semitransparent semiconducting WO 3 film photoanode is described. Due to its band-gap energy of 2.5 eV, the photoresponse of the WO 3 electrode extends into the blue part of the visible spectrum up to 500 nm. The WO 3 photoanode exhibits particularly high incident photon-to-current efficiencies for the oxidation of several organic species with the maximum occurring at ca. 400 nm. Experiments conducted under simulated AM 1.5 solar illumination demonstrated efficient photodegradation of a variety of organic chemicals including small organic molecules as well as EDTA and anthraquinonic Acid Blue 80 dye. Although, due to the inherent mass transport limitations, the described device appears best suited to the treatment of industrial wastewater containing from 100 ppm to few g L )1 of impurities, almost complete removal of organic carbon was observed in several photoelectrolysis runs. This is apparently associated with the concomitant photooxidation of sulphate-based supporting electrolyte resulting in the formation of a powerful chemical oxidant-persulphate.
Introduction
During the late 1980s, heterogeneous photocatalysis emerged as an alternative method of hazardous waste treatment [1] [2] [3] [4] [5] [6] [7] and has already been the subject of some attempts at commercialization [7] .
This technique is based principally on the use of light-harvesting TiO 2 semiconductor suspensions, which generate highly reactive positive holes at the solution interface. The oxidizing power of the positive holes is equivalent to ca. 2.6 V vs SHE in contact with neutral solutions (which is the potential of the valence band edge of TiO 2 ). This allows, in many cases, the total mineralization (into CO 2 ) of a large variety of organic compounds. The oxidative degradation of organic pollutants normally takes place in the presence of dissolved oxygen which acts, simultaneously with the positive holes, as scavenger of electrons formed in the photocatalyst. The latter process is essential in order to minimize the hole-electron recombination and thus to maintain the photocatalyst activity.
Despite having the possibility to almost totally remove low concentrations of organic substances dissolved in water, employing TiO 2 slurries as photocatalyst suffers from a series of drawbacks: (i) the degradation process is generally considered as being too slow to be of use in commercial applications. One way to increase its rate consists in modifying the photocatalyst surface with noble metal particles to improve the kinetics of oxygen reduction. However, the latter procedure is both complex and expensive. (ii) the use of TiO 2 slurries necessitates removal of the photocatalyst by filtration. The above-mentioned drawbacks may be overcome by replacing the slurries by photoelectrodes, wherein an active semiconductor material is immobilized on a conducting support (such as metal or conducting glass). Furthermore, the use of a photoelectrochemical reactor configuration offers the possibility of enhancing the rate of photooxidation reactions by applying an external bias. Given that the observed photocurrents increase with light intensity, concentration of the incident light may enable photoelectrolysis to operate at even higher rates, i.e., to treat relatively concentrated solutions of pollutants.
Titanium dioxide would certainly be the ideal photocatalyst if, in addition to its excellent stability (absence of photocorrosion) over a large pH range (from pH 0 to 14) and its high photoactivity, it were also able to absorb a substantial portion of the solar spectrum. In fact, due to its absorption threshold close to 400 nm, the operation of TiO 2 photoelectrodes in solutions containing more than 20-50 ppm of contaminants requires, in practice, the use of artificial illumination sources. This is not the case for another semiconducting oxide, WO 3 , which has a band-gap energy of 2.5 eV and thus absorbs the blue part of the solar spectrum up to ca. 500 nm [8, 9] . Although the position of the conduction band of tungsten trioxide which is (slightly) too positive to allow oxygen reduction, renders the photocatalytic degradation of organic pollutants under open-circuit conditions practically impossible (C. Santato and J. Augusttynski, unpublished results) WO 3 has been shown to operate as an effective photoelectrode both under normal and concentrated solar illumination [9] . In fact, the mesoporous WO 3 photoelectrodes developed in our laboratory have demonstrated high incident-photon-to-current conversion efficiencies (IPCEs) exhibiting photocurrent doubling, reaching 190% for the photooxidation of small organic molecules [9, 10] . Importantly, the maximum in the photocurrent vs excitation wavelength spectra of the WO 3 photoelectrodes occurs at ca. 400 nm in the blue region of the solar spectrum.
Here, we show results of photoelectrolysis experiments, conducted under simulated solar AM 1.5 illumination, intended to degrade various kinds of organic chemicals in aqueous solution.
Experimental
The mesoporous WO 3 films used in this work were formed on conducting glass substrates by layer-bylayer deposition of a colloidal solution of tungstic acid containing an organic stabilizer and structure-directing agent -low molecular weight poly(ethylene glycol) 300. Formation of a complex between tungstic acid and the hydrophilic poly(ethylene glycol) delays the formation of fully crystallized monoclinic tungsten trioxide until ca. 500°C. Preparation of the precursor solution has been described in detail elsewhere [11] . Conducting glass plates (Nihon Sheet Glass Co., 10 W/square) consisted of a 0.5 lm thick overlayer of F-doped SnO 2 . In most cases, the WO 3 films used in this work were formed by six consecutive applications of the precursor solution; each followed by annealing in flowing oxygen at 550°C for 30 min. The final thickness of such films (determined with a Tencor Alpha Step 200 profilometer) was close to 2.5 lm. Micrographs in Figure 1 , obtained with a Hitachi S-9000 scanning electron microscope, show the typical morphology of a WO 3 film after heat treatment at 550°C. The film consists of a network of partly fused plate-like particles with sizes in the range of 2050 nm. Although annealing at 550°C markedly develops the film porosity, it preserves the film structure, characterized by the preferential orientation of the WO 3 crystallites parallel to the substrate. As shown in Figure 1 (b) the films are quite regular and smooth (their maximum protuberance has been shown to not exceed 16 nm [11] ).
The photoelectrochemical measurements were carried out in a two-compartment Teflon cell equipped with a quartz window, by illuminating the WO 3 electrode either from the side of the film/solution interface or from the substrate side. The simulated solar light, AM 1.5 global, was obtained using an Oriel Model 96 000 150 W Solar Simulator fitted with a Schott 113 filter and neutral density filters. A platinum counter-electrode (large area Pt grid) was separated from the WO 3 film electrode by a Nafion membrane. In most cases the exposed surface area of the photoelectrodes was ca. 0.8 cm 2 . The potential of the WO 3 electrode was monitored vs a saturated calomel reference electrode and is quoted vs reversible hydrogen electrode (RHE) in the same solution. A Princeton Applied Research Model 362 scanning potentiostat was used in the electrochemical measurements. The CO 2 content in the effluent gas from the photoelectrolysis cell was determined on a Hewlett Packard 5890 Series II gas chromatograph equipped with a TCD detector and the Carbosieve S-II column. 
